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(54) Non- volatile semiconductor memory cell and method for production thereof 



(57) A non-volatile semiconductor memory cell 
employing a field effect transistor having a gate of the 
metal/ferroelectric structure or the metal / ferroelectric 
/metal / insulator structure, wherein the ferroelectric 
layer is a layer of bismuth titanate containing bismuth 
more than the stoichiometric quantity or a piled layer of 
bismuth titanate of the stoichiometric composition and 



bismuth titanate containing bismuth more than the stoi- 
chiometric quantity, both of which have a less amount of 
dielectric constant and remanent polarization, thereby 
enabling the non-volatile memory cell to memorize and 
erase binary information with a less amount of voltage 
to be applied to the gate. 
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Description 

TECHNICAL FIELD 

This invention relates to a non-volatile semiconduc- 5 
tor memory cell under the category of a single transistor 
memory cell employing a field effect transistor having a 
ferroelectric layer as the gate insulator thereof and a 
method for producing the non-volatile semiconductor 
memory cell. w 

BACKGROUND OF THE INVENTION 

A non-volatile semiconductor memory cell which 
employs a field effect transistor which further employs a is 
ferroelectric material, such as lead zirconate titanate 
(Pb(Zr 0.52^0.45)03 ) and bismuth titanate ( Bi 4 Ti 3 0 12 ), 
as the material for the gate insulator layer, is available in 
the prior art: The field effect transistor has a metal-ferro- 
electric-semiconductor (MFS) structure. Since a ferroe- 20 
lectric material has a large amount of remanent 
polarization, a field effect transistor having a gate insu- 
lator of a ferroelectric material has a memory function. 
In other words, once a positive voltage is applied to the 
gate electrode of an n-channel metal -ferroelectric-sem- 25 
iconductor (MFS) field effect transistor, polarization 
remains in the gate insulator made of a ferroelectric 
material even after the voltage is removed, due to the 
phenomenon of remanent polarization. As a result, an 
n-channel is memorized along the surface of the semi- 30 
conductor layer. The memorized n-channel can readily 
be read out by applying a voltage across the n-channel 
or between a source and a drain. The memorized infor- 
mation can readily be erased by application of a nega- 
tive voltage to the gate electrode of the n-channel MFS 35 
field effect transistor. When the MFS field effect transis- 
tor is a p-channel transistor, the polarity of the voltage to 
be applied to the gate electrode of the field effect tran- 
sistor should be reversed to a negative voltage. In this 
manner, binary information which can be represented 40 
by existence or non-existence of a drain current flowing 
in the MFS field effect transistor can be memorized in 
an MFS field effect transistor. 

Since an MFS field effect transistor is involved with 
some problems, e.g. the difficulty of depositing a ferroe- 45 
lectric layer directly on a silicon substrate, formation of 
an unnecessary silicon dioxide layer during a thermal 
treatment and the like, however, a metal-ferroelectric- 
metal-insulator-semiconductor (MFMIS) field effect 
transistor was developed (ISSCC 95 February 1995 A 50 
Single-Transistor Ferroelecric Memory Cell T. Naka- 
mura et al.). 

The gate of a metal-ferroelectric-metal-insulator- 
semiconductor (MFMIS) field effect transistor is a series 
circuit of 2 capacitors including an upper capacitor con- 55 
sisting of an upper metal layer, a ferroelectric layer and 
a lower metal layer, and a lower capacitor consisting of 
the lower metal layer, an insulator layer and a semicon- 
ductor layer. The voltage applied to the gate is divided 



into two including the first voltage portion applied to the 
upper capacitor and the second voltage portion applied 
to the lower capacitor. Since the dielectric constant of a 
ferroelectric material is much larger than that of the ordi- 
nary insulator e.g. silicon dioxide, the capacity of the 
upper capacitor is much larger than that of the lower 
capacitor, resulting in a less amount of the first voltage 
portion and a larger amount of the second voltage por- 
tion. As a result, the intensity of the electric field 
becomes less in the ferroelectric layer, resulting in a 
less magnitude of remanent polarization in the ferroe- 
lectric layer. This causes malfunction for the non-volatile 
semiconductor memory cell. 

An attempt to make the remanent polarization in the 
ferroelectric layer sufficiently large, is resultantly accom- 
panied by a requirement to make the voltage to be 
applied to the second capacitor larger. As a result, the 
amount of the voltage to be applied between the gate 
electrode and the semiconductor layer or substrate is 
required to be larger. This causes a possibility of break- 
down of the lower capacitor. 

In conclusion, a non-volatile semiconductor mem- 
ory cell employing a MFMIS field effect transistor is 
involved with a drawback in which a higher voltage is 
required for writing information therein. 

OBJECTS AND SUMMARY OF THE INVENTION 

An object of this invention is to provide a non- vola- 
tile semiconductor memory cell employing an MFS or 
MFMIS field effect transistor which allows a less amount 
of voltage to be applied between the gate electrode and 
the semiconductor substrate, to write a piece of binary 
information therein. 

The other object of this invention is to provide a 
method for producing a non-volatile semiconductor 
memory cell employing an MFS or MFMIS field effect 
transistor which allows a less amount of the voltage to 
be applied between the gate electrode and the semi- 
conductor substrate, to write a piece of binary informa- 
tion therein. 

This invention is based on the concept tabulated 
below : 

1 . A dielectric material having a less amount of die- 
lectric constant produces a capacitor having a less 
amount of capacity, when it is employed as the die- 
lectric layer of the capacitor. A capacitor having a 
less amount of the capacity causes a larger amount 
of the voltage allotted to the capacitor, when it is 
connected in series with the other capacitor. There- 
fore, a layer of a ferroelectric material having a less 
amount of dielectric constant is effective to allot a 
larger amount of voltage to the upper capacitor, 
resultantly causing a larger amount of intensity of 
electric field in the ferroelectric layer of the upper 
capacitor with a less amount of voltage to be 
applied between the gate electrode and the semi- 
conductor substrate. 
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2. A less amount of remanent polarization is effec- 
tive to increase the intensity of electric field in the 
ferroelectric layer. 

3. A layer of bismuth titanate containing bismuth 
more than the stoichiometric quantity, in which the 
direction of the c-axis is perpendicular to the sur- 
face of the bismuth titanate layer, has a less amount 
of dielectric constant and remanent polarization 
than a layer of bismuth titanate (Bi 4 Ti 3 0 12 ) of the 
stoichiometric composition. 

4. A layer of bismuth titanate of the stoichiometric 
composition produced on a layer of bismuth titanate 
containing bismuth more than the stoichiometric 
quantity, in which the direction of the c-axis is per- 
pendicular to the surface of the bismuth titanate 
layer, has a less amount of dielectric constant and 
remanent polarization than a layer of bismuth titan- 
ate (Bi 4 Ti 3 Oi2) of the stoichiometric composition. 

5. A layer of bismuth titanate of the stoichiometric 
composition produced on a layer of bismuth titanate 
containing bismuth more than the stoichiometric 
quantity, has a flat top surface. 

6. A layer of bismuth titanate containing bismuth 
more than the stoichiometric quantity can be pro- 
duced on a substrate by spin coating an organic 
solvent solution containing a bismuth source and a 
titanium source at a mole ratio at which bismuth 
component is more than 4 and the titanium compo- 
nent is 3, on the substrate and applying a thermal 
treatment process for drying and crystallizing the 
spin coated film. 

7. A layer of bismuth titanate (Bi 4 Ti 3 0 12 ) of the sto- 
ichiometric composition can be produced on a sub- 
strate by spin coating an organic solvent solution 
containing a bismuth source and a titanium source 
at a mole ratio of 4 : 3 and applying a thermal treat- 
ment process for drying and crystallizing the spin 
coated film. 

Accordingly, the first object of this invention can be 
achieved by any of the following non-volatile semicon- 
ductor memory cells. 

The first one is a non-volatile memory cell compris- 
ing : 

a field effect transistor further comprising : 

a gate comprising a pile of an upper conductive 
layer and a ferroelectric layer of bismuth titan- 
ate containing bismuth more than the stoichio- 
metric quantity, the pile being produced on the 
surface of a semiconductor layer of one con- 
ductivity, and 

a set of source and drain of the other conduc- 
tivity produced in the surface region of the sem- 
iconductor layer of one conductivity, at the side 
of the foregoing gate. 

The second one is a non-volatile memory cell com- 



prising : 

a field effect transistor further comprising : 

5 a gate comprising a pile of an upper conductive 

layer and a ferroelectric layer comprising an 
upper layer of bismuth titanate of the stoichio- 
metric composition and a lower layer of bis- 
muth titanate containing bismuth more than the 

io stoichiometric quantity, the pile being produced 

on the surface of a semiconductor layer of one 
conductivity, and 

a set of source and drain of the other conduc- 
tivity produced in the surface region of the sem- 
is iconductor layer of one conductivity, at the side 
of the foregoing gate. 

The third one is a non-volatile memory cell compris- 
ing : 

20 

a field effect transistor further comprising : 

a gate comprising a pile of an upper conductive 
layer, a ferroelectric layer of bismuth titanate 

25 containing bismuth more than the stoichiomet- 

ric quantity, a lower conductive layer and an 
insulator layer, the pile being produced on the 
surface of a semiconductor layer of one con- 
ductivity, and a set of source and drain of the 

30 other conductivity produced in the surface 

egion of the semiconductor layer of one con- 
ductivity, at the side of the foregoing gate. 

The fourth one is a non-volatile memory cell com- 
35 prising : 

a field effect transistor further comprising : 

a gate comprising a pile of an upper conductive 
40 layer, a ferroelectric layer comprising an upper 

layer of bismuth titanate of the stoichiometric 
composition and a lower layer of bismuth titan- 
ate containing bismuth more than the stoichio- 
metric quantity, a lower conductive layer and an 
45 insulator layer, the pile being produced on the 

surface of a semiconductor layer of one con- 
ductivity, and 

a set of source and drain of the other conduc- 
tivity produced in the surface region of the sem- 
50 iconductor layer of one conductivity, at the side 

of the foregoing gate. 

The second object of this invention can be achieved 
by any of the following methods for producing a non-vol- 
55 atile semiconductor memory cell. 

The first one is a method for producing a non-vola- 
tile semiconductor memory cell comprising : 

a step for producing a pile of layers comprising an 
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upper conductive layer and a ferroelectric layer of 
bismuth titanate containing bismuth more than the 
stoichiometric quantity, on the surface of a semi- 
conductor layer of one conductivity, a step for pat- 
terning the pile of layers to produce a gate and a 5 
step for introducing an impurity of the other conduc- 
tivity in the semiconductor layer of one conductivity 
to produce a set of source and drain, at the side of 
the foregoing gate, to finally produce a field effect 
transistor, wherein : 10 



muth titanate containing bismuth more than the sto- 
ichiometric quantity, a lower conductive layer and 
an insulator layer, on the surface of a semiconduc- 
tor layer of one conductivity, a step for patterning 
the pile of layers to produce a gate and a step for 
introducing an impurity of the other conductivity in 
the semiconductor layer of one conductivity to pro- 
duce a set of source and drain, at the side of said 
foregoing gate, to finally produce a field effect tran- 
sistor, wherein : 



the step for producing the ferroelectric layer 
comprising a step for spin coating an organic 
solvent solution containing a bismuth source 
and a titanium source at a mole ratio at which 15 
the bismuth component is more than 4 and the 
titanium component is 3 and a step for applying 
a thermal treatment process for drying and 
crystallizing the foregoing spin coated film. 

20 

The second one is a method for producing a non- 
volatile semiconductor memory cell comprising : 

a step for producing a pile of layers comprising an 
upper conductive layer and a ferroelectric layer 25 
comprising an upper layer of bismuth titanate of the 
stoichiometric composition and a lower layer of bis- 
muth titanate containing bismuth more than the sto- 
ichiometric quantity, on the surface of a 
semiconductor layer of one conductivity, a step for 30 
patterning the pile of layers to produce a gate and a 
step for introducing an impurity of the other conduc- 
tivity in the semiconductor layer of one conductivity 
to produce a set of source and drain, at the side of 
the foregoing gate, to finally produce a field effect 35 
transistor, wherein : 

the step for producing the ferroelectric layer 
comprising a first step comprising a step for 
spin coating an organic solvent solution con- 40 
taining a bismuth source and a titanium source 
at a mole ratio at which the bismuth component 
is more than 4 and the titanium component is 3 
and a step for applying a thermal treatment 
process for drying and crystallizing the forego- 45 
ing spin coated film to produce the lower layer 
and a second step comprising a step for spin 
coating an organic solvent solution containing 
a bismuth source and a titanium source at a 
mole ratio of 4 : 3 and a step for applying a ther- 50 
mal treatment process for drying and crystalliz- 
ing the foregoing spin coated film to produce 
the upper layer. 

The third one is a method for producing a non-vola- 55 
tile semiconductor memory cell comprising : 

a step for producing a pile of layers comprising an 
upper conductive layer, a ferroelectric layer of bis- 



the step for producing the ferroelectric layer 
comprising a step for spin coating an organic 
solvent solution containing a bismuth source 
and a titanium source at a mole ratio at which 
the bismuth component is more than 4 and the 
titanium component is 3 and a step for applying 
a thermal treatment process for drying and 
crystallizing the foregoing spin coated film. 

Trie fourth one is a method for producing a non-vol- 
atile semiconductor memory cell comprising : 

a step for producing a pile of layers comprising an 
upper conductive layer, a ferroelectric layer com- 
prising an upper layer of bismuth titanate of the sto- 
ichiometric composition and a lower layer of 
bismuth titanate containing bismuth more than the 
stoichiometric quantity, a lower conductive layer 
and an insulator layer, on the surface of a semicon- 
ductor layer of one conductivity, a step for pattern- 
ing the pile of layers to produce a gate and a step 
for introducing an impurity of the other conductivity 
in the semiconductor layer of one conductivity to 
produce a set of source and drain, at the side of the 
foregoing gate, to finally produce a field effect tran- 
sistor, wherein : 

the step for producing the ferroelectric layer 
comprising a first step comprising a step for 
spin coating an organic solvent solution con- 
taining a bismuth source and a titanium source 
at a mole ratio at which the bismuth component 
is more than 4 and the titanium component is 3 
and a step for applying a thermal treatment 
process for drying and crystallizing the forego- 
ing spin coated film to produce the lower layer 
and a second step comprising a step for spin 
coating an organic solvent solution containing 
a bismuth source and a titanium source at a 
mole ratio of 4 : 3 and a step for applying a ther- 
mal treatment process for drying and crystalliz- 
ing the foregoing spin coated film to produce 
the upper layer. 

BRIEF DESCRIPTION OF THE DRAWINGS 

This invention, together with its various features 
and advantages, can be readily understood from the fol- 
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lowing more detailed description presented in conjunc- 
tion with the following drawings, in which : 

Fig. 1 (A) is a cross section illustrating layer config- 
uration of an MFMIS field effect transistor in accord- 5 
ance with a first embodiment of this invention, on 
the way of production, 

Fig. 1(B) is a cross section illustrating layer configu- 
ration of an MFMIS field effect transistor in accord- 
ance with a first embodiment of this invention, on w 
the way of production, 

Fig. 1 (C) is a cross section illustrating layer config- 
uration of an MFM IS field effect transistor in accord- 
ance with a first embodiment of this invention, on 
the way of production, is 
Fig. 1(D) is a cross section illustrating layer config- 
uration of an MFMIS field effect transistor in accord- 
ance with a first embodiment of this invention, on 
the way of production, 

Fig. 2(A) is a cross section illustrating layer configu- 20 
ration of an MFMIS field effect transistor in accord- 
ance with a first embodiment of this invention, on 
the way of production, 

Fig.2(B) is a cross section illustrating layer configu- 
ration of an MFMIS field effect transistor in accord- 25 
ance with a first embodiment of this invention, on 
the way of production, 

Fig. 2(C) is a cross section illustrating layer config- 
uration of an MFMIS field effect transistor in accord- 
ance with a first embodiment of this invention, on 30 
the way of production, 

Fig. 3(A) is a cross section illustrating layer configu- 
ration of an MFMIS field effect transistor in accord- 
ance with a first embodiment of this invention, on 
the way of production, 35 
Fig. 3(B) is a cross section illustrating layer configu- 
ration of an MFMIS field effect transistor in accord- 
ance with a first embodiment of this invention, on 
the way of production, 

Fig. 3(C) is a cross section illustrating layer config- 40 
uration of an MFMIS field effect transistor in accord- 
ance with a first embodiment of this invention, on 
the way of production, 

Fig. 4(A) is a cross section illustrating layer configu- 
ration of an MFMIS field effect transistor in accord- 45 
ance with a first embodiment of this invention, on 
the way of production, 

Fig. 4(B) is a cross section illustrating layer configu- 
ration of an MFMIS field effect transistor in accord- 
ance with a first embodiment of this invention, on 50 
the way of production, 

Fig. 4(C) is a cross section illustrating layer config- 
uration of an MFM IS field effect transistor in accord- 
ance with a first embodiment of this invention, on 
the way of production, 55 
Fig. 5(A) is a cross section of a piled layer in which 
a layer of bismuth titanate of the stoichiometric 
composition is produced on a layer of bismuth titan- 
ate containing bismuth more than the stoichiometric 
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quantity, 

Fig. 5(B) is a cross section of a piled layer in which 
a layer of bismuth titanate containing bismuth more 
than the stoichiometric quantity is produced on a 
layer of bismuth titanate containing bismuth more 
than the stoichiometric quantity, 
Fig. 6(A) is a cross section illustrating layer configu- 
ration of an MFMIS field effect transistor in accord- 
ance with a second embodiment of this invention, 
on the way of production, ~ 
Fig. 6(B) is a cross section illustrating layer configu- 
ration of an MFMIS field effect transistor in accord- 
ance with a second embodiment of this invention, 
on the way of production, 

Fig. 7(A) is a cross section illustrating layer configu- 
ration of an MFMIS field effect transistor in accord- 
ance with a third embodiment of this invention, on 
the way of production, 

Fig. 7(B) is a cross section illustrating layer configu- 
ration of an MFMIS field effect transistor in accord- 
ance with a third embodiment of this invention, on 
the way of production. 

Fig. 8(A) is a cross section illustrating layer configu- 
ration of an MFMIS field effect transistor in accord- 
ance with a fourth embodiment of this invention, on 
the way of production, and 
Fig. 8(B) is a cross section illustrating layer configu- 
ration of an MFMIS field effect transistor in accord- 
ance with a fourth embodiment of this invention, on 
the way of production. 

Fig. 9(A) is a cross section illustrating layer configu- 
ration of an MFMIS field effect transistor in accord- 
ance with a fifth embodiment of this invention, on 
the way of production, 

Fig 9(B) is a cross section illustrating layer configu- 
ration of an MFMIS field effect transistor in accord- 
ance with a fifth embodiment of this invention, on 
the way of production, 

Fig 10(A) is a cross section illustrating layer config- 
uration of an MFMIS field effect transistor in accord- 
ance with a sixth embodiment of this invention, on 
the way of production, 

Fig 10(B) is a cross section illustrating layer config- 
uration of an MFMIS field effect transistor in accord- 
ance with a sixth embodiment of this invention, on 
the way of production, 

Fig 11(A) is a cross section illustrating layer config- 
uration of an MFMIS field effect transistor in accord- 
ance with a seventh embodiment of this invention, 
on the way of production, 

Fig 1 1(B) is a cross section illustrating layer config- 
uration of an MFMIS field effect transistor in accord- 
ance with a seventh embodiment of this invention, 
on the way of production, 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

Referring to drawings, a detailed description will be 
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presented below for non-volatile semiconductor mem- 
ory cells in accordance with 4 embodiments of this 
invention. 

FIRST EMBODIMENT 5 

A non-volatile semiconductor memory cell employing an 
MFMIS field effect transistor having a gate of a ruthe- 
nium/bismuth titanate of the stoichiometric composi- 
tion/bismuth titanate containing bismuth more than the io 
stoichiometric quantity /platinum /conductive silicon /sil- 
icon dioxide/ silicon structure. 

Figs. 1 through 4 illustrate layer configuration of an 
MFMIS field effect transistor constituting a non-volatile 
semiconductor memory cell in accordance with a first 75 
embodiment of this invention, on the way of production. 
The drawings are drawn, concentrating an attention to 
the active region of the MFMIS field effect transistor. 

Referring to Fig. 1(A), a LOCOS process or the like 
is employed to produce a field insulator layer 12 on the 2c 
surface of a semiconductor (silicon in this embodiment) 
substrate 10 of one conductivity (p-type in this embodi- 
ment), remaining an active area on which an MFMIS 
field effect transistor is scheduled to be produced, 
uncovered by the field insulator layer 12. An oxidation 25 
process is employed to oxidize the surface region of the 
p-type silicon substrate 10 to produce a silicon dioxide 
layer 1 4 having an approximate thickness of 60 A, which 
is scheduled to be a lower insulator layer or a so-called 
gate insulator layer. A rapid thermal annealer (RTA) is 3c 
practically employed for the foregoing thermal proc- 
esses. A reduced pressure chemical vapor deposition 
process which is conducted by employing monosilane 
(SiH 4 ) as the silicon source and phosphine (PH 3 ) as the 
source of an n-type impurity, is employed to produce a 35 
poly crystalline silicon layer 1 6 having an approximate 
thickness of 2000 A. Thereafter, a thermal treatment 
process is applied to poly crystalline silicon layer 16 at 
850 °C to activate the n-type impurity for the purpose to 
convert the poly crystalline silicon layer 1 6 to a conduc- 4c 
tive poly crystalline silicon layer 16 containing an n-type 
impurity (phosphorus) at the concentration of 4 x 10 20 
cm" 3 . A sputtering process is employed to produce a 
platinum layer 18 having the approximate thickness of 
1000 A. A piled layer of the platinum layer 18 and the 45 
conductive poly crystalline silicon layer 16 is scheduled 
to be employed as a lower conductive layer or a so- 
called floating gate. 

Referring to Fig. 1(B), a first organic solvent solu- 
tion containing a bismuth source and a titanium source sc 
at a mole ratio in which the bismuth component is more 
than the stoichiometric quantity of bismuth titanate 
(Bi^O! 2 ) or at a mole ratio at which the bismuth com- 
ponent is more than 4 and the titanium component is 3, 
is spin coated on the surface of the platinum layer 18, 55 
and a two-step thermal treatment process is applied to 
the spin coated film to produce a lower layer of bismuth 
titanate 20a containing bismuth more than the stoichio- 
metric quantity and having a thickness of e.g. 600 A. 
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The direction of the c-axis of the lower layer 20a is 
perpendicular to the surface of the layer, and the dielec- 
tric constant and the remanent polarization are less for 
the lower layer 20a than for the layer of bismuth titanate 
of the stoichiometric composition. 

The lower layer 20a is scheduled to constitute a fer- 
roelectric layer, when it is combined with an upper layer 
20b which will be produced in the later process. 

Since the stoichiometric ratio of bismuth and tita- 
nium in bismuth titanate (Bi 4 Ti 3 0 12 ) is 4 : 3, the allowa- 
ble ratio of bismuth and titanium in the first organic 
solvent solution is 4.08 through 4.6 : 3, and the appro- 
priate ratio would be 4.4 : 3. The organic solvent solu- 
tion containing bismuth and titanium at an arbitrary 
concentration is available at Kabushiki Kaisha Kojundo 
Kagaku Kenkyusho in Japan under the brand of "a solu- 
tion employable for producing bismuth titanate by 
employing a metal organic decomposition method". 

When the foregoing spin coating process is con- 
ducted, a drop of the first organic solvent solution is 
dropped on the surface of the platinum layer 1 8, and the 
silicon substrate 10 is rotated at 500 rpm for 10 seconds 
and later at 2500 rpm for 30 seconds. 

The foregoing two-step thermal treatment process 
consists of a first thermal process conducted at 450°C 
for 15 minutes to dry the spin coated film and a second 
thermal process conducted in a rapid thermal annealer 
(RTA) containing dry oxygen at 850°C for 3 minutes to 
crystallize the dried film for resultantly producing a layer 
of bismuth titanate containing bismuth more than the 
stoichiometric quantity and having the thickness of e.g. 
600 A. The crystalline layer of bismuth titanate contain- 
ing bismuth more than the stoichiometric quantity has 
the c-axis perpendicular to the surface of the layer and 
has the dielectric constant and the remanent polariza- 
tion smaller than those of bismuth titanate of the stoichi- 
ometric composition. 

The foregoing second thermal process conducted 
in a RTA can be replaced by a thermal treatment proc- 
ess conducted in the dry oxygen of 850°C for 30 min- 
utes in an ordinary electric furnace. 

Referring to Fig. 1(C), a second organic solvent 
solution containing a bismuth source and a titanium 
source in the stoichiometric ratio of bismuth titanate or 
in the ratio of 4 : 3 is spin coated on the lower layer 20a, 
and a two-step thermal treatment process is applied to 
the spin coated film to produce the first layer 20b1 of an 
upper layer 20b of bismuth titanate of the stoichiometric 
composition and having a thickness of e.g. 600 A. 

When the foregoing spin coating process is con- 
ducted, a drop of the second organic solvent solution is 
dropped on the surface of the lower layer 20a of bismuth 
titanate containing bismuth more than the stoichiometric 
quantity, and' silicon substrate 10 is rotated at 500 rpm 
for 1 0 seconds and later at 2500 rpm for 30 seconds. 

The foregoing two-step thermal treatment process 
consists of a first thermal process conducted at 450 °C 
for 1 5 seconds to dry the spin coated film and a second 
thermal process conducted in a rapid thermal annealer 
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(RTA) of 850°C for 3 minutes to crystallize the dried film 
for producing a bismuth titanate of the stoichiometric 
composition or the first layer 20b1 of bismuth titanate of 
the stoichiometric composition. The direction of the c- 
axis of the lower layer 20a which is perpendicular to the 
surface of the layer is taken oyer by the first layer 20b1 
of bismuth titanate of the stoichiometric composition. As 
a result, the c-axis of the first layer 20b1 of bismuth 
titanate of the stoichiometric composition directs per- 
pendicular to the surface of the layer, and the dielectric 
constant and the remanent polarization of the first layer 
20b1 of bismuth titanate of the stoichiometric composi- 
tion is less than those of bismuth titanate of the stoichi- 
ometric composition. 

Referring to Fig. 1(D), the foregoing process for 
producing a layer of bismuth titanate of the stoichiomet- 
ric composition is repeated to produce the second and 
later layers 20b2 through 20b4 of bismuth titanate of the 
stoichiometric composition. Since the direction of the c- 
axis of the first layer 20b1 is taken over by the second 
and later layers 20b2 through 20b4 of bismuth titanate 
of the stoichiometric composition, these layers 20b2 
through 20b4 have dielectric constant and remanent 
polarization less than those of bismuth titanate of the 
stoichiometric composition. 

Referring to Fig. 2(A), a pile of the lower layer of bis- 
muth titanate 20a containing bismuth more than the sto- 
ichiometric quantity and having dielectric constant and 
remanent polarization less than bismuth titanate of the 
stoichiometric composition and the upper layer of bis- 
muth titanate 20b consisting of the second through 
fourth layers 20b1 through 20b4 of bismuth titanate of 
the stoichiometric compositon which has dielectric con- 
stant and remanent polarization less than the ordinary 
bismuth titanate crystal, constitutes a ferroelectric layer 
20 which has the thickness of e.g. 3000 A and which 
has dielectric constant and remanent polarization less 
than the ordinary bismuth titanate crystal 

Referring to Fig. 2(B), a sputtering process is 
employed to produce a layer of ruthenium 22 having the 
thickness of 2000 A on the ferrelectric layer 20. The 
ruthenium layer 22 is scheduled to be an upper conduc- 
tive layer or a so-called gate electrode. 

Referring to Fig. 2(C), a chemical vapor deposition 
process Is employed to produce a layer of silicon diox- 
ide 24 on the ruthenium layer 22. The silicon dioxide 
layer 24 is scheduled to be an etching mask for produc- 
ing a gate out of a pile of the ruthenium layer 22, the fer- 
roelectric layer 20, the platinum layer 18, the conductive 
silicon layer 16 and the silicon dioxide layer 14. 

Referring to Fig. 3(A), a photolithography process is 
employed to pattern the silicon dioxide layer 24 into the 
horizontal shape of a gate electrode to produce an etch- 
ing mask 24X. A dry etching process employing CCI 4 or 
CF 4 as the etchant gas is applied to the ruthenium layer 
22 and the ferroelectric layer 20 by employing the etch- 
ing mask 24X to pattern these layers 22 and 20 into the 
horizontal shape of the gate electrode. A reactive ion 
etching process employing a magnetron reactive etch- 



ing equipment is practically employed for this process to 
improve the throughput or the etching rate. 

Referring to Fig. 3(B), an ion milling process is 
employed to pattern the platinum layer 18 into the hori- 

5 zontal shape of a gate electrode. The patterned layer of 
platinum 18X is scheduled to act as the upper layer of a 
lower conductive layer, together with a patterned layer 
16X of poly crystalline conductive silicon. By this ion 
milling process, the thickness of the etching mask 24X 

10 is remarkably decreased. 

Referring to Fig. 3(C), a dry etching process 
employing CCI 4 or CF 4 as the etchant is employed to 
pattern the conductive poly crystalline silicon layer 16 
and the silicon dioxide layer 1 4 into the horizontal shape 

75 of the gate electrode. The patterned layer 16X of the 
conductive poly crystalline silicon layer 16 is scheduled 
to act as the lower layer of the lower conductive layer, 
together with patterned platinum layer 18X. The pat- 
terned silicon dioxide layer 14X is scheduled to act as 

20 the so-called gate insulator layer. By this dry etching 
process, the etching mask 24X is entirely removed. 

By the foregoing processes, a gate consisting of a 
ruthenium layer 22X acting as the upper conductive 
layer, a ferroelectric layer 20X consisting of an upper 

25 layer 20bX of a piled layer of bismuth titanate of the sto- 
ichiometric composition and a lower layer 20aX of bis- 
muth titanate containing bismuth more than the 
stoichiometric quantity, a lower conductive layer consist- 
ing of a platinum layer 18X and a conductive poly crys- 

30 talline silicon layer 16X and a silicon dioxide layer 14X, 
has been produced. 

Referring to Fig. 4(A), a low temperature chemical 
vapor deposition process is employed to cover the 
entire surface of a field effect transistor under produc- 

35 tion with a silicon dioxide layer 26. An anisotropic etch- 
ing process is employed to expose the area on which a 
source and a drain are scheduled to be produced. A 
reactive ion etching process can be employed as the 
anisotropic etching method employable for this process. 

40 Referring to Fig. 4(B), an ion implantation process 
is employed to introduce an n-type impurity e.g. phos- 
phorus, arsenic or antimony to produce a source 28a 
and a drain 28b. The reason why this ion implantation 
process is conducted after the processes for producing 

45 the silicon dioxide layer 26 and for patterning the same 
is to cover the side surface of the ferroelectric layer 20X 
for the ultimate purpose to protect the side surface of 
the ferroelectric layer 20X from potential damages 
caused by the implantation process. Since the thickness 

so of the silicon dioxide layer 26 deposited on the side sur- 
face of the patterned piled layers does not exceed 2000 
A, and since the source 28a and the drain 28b laterally 
diffuse toward under the patterned piled layers, there is 
no possibilities in which the source 28a and the drain 

55 28b fail to contact a channel which occurs under a gate. 
Referring to Fig. 4(C). a chemical vapor deposition 
process Is employed to cover the entire surface of the 
field effect transistor under production with a silicon 
dioxide layer or a phosphor-silicate glass layer 32. After 



7 



13 



EP 0 810 666 A1 



14 



contact holes 30 are produced to reach the source 28a 
and the drain 28b, a selected tungsten chemical vapor 
deposition process is employed to produce a tungsten 
layer 34 on the entire surface of the field effect transistor 
under production. Thereafter, the tungsten layer 34 is 5 
removed, remaining it in the contact holes 30 to berry it. 
Finally, an aluminum layer is deposited and patterned to 
produce aluminum wires 36 which connect the source 
28a and the drain 28b with external circuits. 

The foregoing process has successfully produced a 10 
non-volatile semiconductor memory cell employing an 
MFMIS field effect transistor having a gate made of an 
upper conductive layer of ruthenium, a ferroelectric 
layer consisting of an upper layer of bismuth titanate of 
the stoichiometric composition but which has dielectric 15 
constant and remanent polarization less than those of 
bismuth titanate of the stoichiometric composition and a 
lower layer of bismuth titanate containing bismuth more 
than the stoichiometric quantity and which has dielectric 
constant and remanent polarization less than those of 20 
bismuth titanate of the stoichiometric composition, a 
lower conductive layer consisting of an upper layer of 
platinum and a lower layer of conductive poly crystalline 
silicon and an insulator layer of silicon dioxide, pro- 
duced on the surface of a silicon layer or substrate of 25 
one conductivity, and a set of source and drain of the 
other conductivity produced in the surface region of the 
silicon layer or substrate of one conductivity, at the side 
of the gate, the non-volatile semiconductor memory cell 
being a non-volatile semiconductor memory cell in 30 
accordance with the first embodiment of this invention. 

Since the foregoing ferroelectric layer consisting of 
an upper layer of bismuth titanate of the stoichiometric 
composition and a lower layer of bismuth titanate con- 
taining bismuth more than the stoichiometric quantity 35 
has a c-axis perpendicular to the surface of the layer 
and has a less amount of dielectric constant and rema- 
nent polarization, the foregoing field effect transistor is 
allowed to generate a large magnitude of the intensity of 
electric field, when it is applied even a less amount of 40 
voltage applied to the upper conductive layer of the 
gate. As a result, a non-volatile memory cell in accord- 
ance with the first embodiment of this invention is 
allowed to memorize or erase binary information with a 
less amount of the writing or erasing voltage which is to 45 
be applied between the gate electrode and the semi- 
conductor substrate. 

The electromagnetic characteristics of bismuth 
titanate containing bismuth more than the stoichiometric 
quantity has been experimentally determined. so 

Test pieces were produced by producing a ruthe- 
nium layer of 2000 A thick on a layer of bismuth titanate 
which contains bismuth more than the stoichiometric 
quantity and which was produced by employing an 
organic solvent solution containing a bismuth source 55 
and a titanium source at a ratio of 4.4 : 3, the layer of 
bismuth titanate being produced on a platinum layer of 
600 A thick, the platinum layer being produced on a sili- 
con dioxide layer of 2000 A thick, the silicon dioxide 



layer being produced on a p-type silicon substrate. Hys- 
teresis characteristics were measured by employing 
Sawer-tower circuit for the layer of bismuth titanate con- 
taining bismuth more than the stoichiometric quantity. 
The ruthenium layer and the platinum layer were 
employed as the electrodes. Paying an attention to the 
difference in work function between platinum and ruthe- 
nium, the amount of remanent polarization was deter- 
mined to be approximately 1.8 nC/cm 2 . The amount of 
dielectric constant and coercive field were determined 
to be approximately 67 and 12 KV/cm. Since bismuth 
titanate of the stoichiometric composition has the die- 
lectric constant of 180. the remanent polarization of 4.4 
jiC/cm 2 and the coercive field of 84 KV/cm, and also 
since lead zirconate titanate has the dielectric constant 
of 875, the remanent polarization of 25.4 nC/cm 2 and 
the coercive field of 57.5 KV/cm, bismuth titanate con- 
taining bismuth more than the stoichioimetric quantity 
was determined to be more appropriate as the ferroe- 
lectric material to be used for a field effect transistor in 
accordance with this invention than any of the ferroelec- 
tric materials available in the prior art. Accordingly, the 
field effect transistor in accordance with this invention is 
allowed to generate a sufficiently large amount of inten- 
sity of electric field by being applied a less voltage 
between the gate electrode and the semiconductor sub- 
strate. 

Further, since bismuth titanate has a small amount 
of coercive field, the hysteresis characteristics are read- 
ily saturated by a less amount of the voltage to be 
applied to the gate, resuHantly causing a less possibility 
of breakdown for the insulator layer arranged between 
the lower conductive layer and the semiconductor sub- 
strate. 

Flatness was observed for the surface of a layer of 
bismuth titanate containing bismuth more than the stoi- 
chiometric quantity. For this purpose, two test pieces 
were produced. The first one has a layer 3 of bismuth 
titanate of the stoichiometric composition produced on 
the surface of a layer 2 of bismuth titanate containing 
bismuth more than the stoichiometric quantity, the latter 
layer 2 of bismuth titanate being produced on a layer 1 
of platinum. The second one has a layer 2 of bismuth 
titanate containing bismuth more than the stoichiometric 
quantity produced on the surface of the latter layer 2 of 
bismuth titanate containing bismuth more than the stoi- 
chiometric quantity, the latter layer 2 of bismuth titanate 
being produced on a layer 1 of platinum. The cross sec- 
tion of the two test pieces was observed with magnifica- 
tion of 20,000 by employing a scanning electronic 
microscope (SEM). 

The result of the observation for the first one is illus- 
trated in Fig. 5(A), and the result of the observation for 
the second one is illustrated in Fig. 5(B). Fig. 5(A) 
clearly shows a surface more flat than the surface 
shown in Fig. 5(B). As a result, it is clear that no local 
concentration of electric field occurs for the layer of bis- 
muth titanate of the stoichiometric quantity produced on 
the layer of bismuth titanate containing bismuth more 
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than the stoichiometric quantity. 
SECOND EMBODIMENT 

A non-vdatile semiconductor memory cell of an MFMIS 5 
field effect transistor having a gate of a ruthenium/bis- 
muth titanate of the stoichiometric compositiorVbismuth 
titanate containing bismuth more than the stoichiometric 
quantity,rjthenium dioxide/ruthenium/conductive sili- 
con/silicon dioxide/ silicon structure. io 

Figs. 5(A) and (B) illustrate layer configuration of an 
MFMIS field effect transistor constituting a non-volatile 
semiconductor memory cell in accordance with a sec- 
ond embodiment of this invention, on the way of produc- 
tion. 15 

Referring to Fig. 6(A), the steps to be employed for 
producing a field insulator layer 12, a silicon dioxide 
layer 14 and a conductive poly crystalline silicon layer 
16, in tr;s order, on a p-type silicon substrate 10 are 
identical to the corresponding steps employed in the 20 
process ror the first embodiment of this invention. A 
sputtering process is employed to produce a layer of 
ruthenium 18a having an approximate thickness of 500 
A on the conductive poly crystalline silicon layer 16. 
Thereafter, a sputtering process is employed to produce 25 
a layer cf ruthenium dioxide 18b having an approximate 
thickness of 1000 A on the ruthenium layer 18a. A piled 
layer 18 of the ruthenium dioxide layer 18b and the 
ruthenium layer 18a, in combination with the conductive 
poly crystalline silicon layer 16, is allowed to act as a 30 
lower conductive layer or a so-called floating gate. A fer- 
roelectric layer 20 consisting of a layer 20a of bismuth 
titanate containing bismuth more than the stoichiometric 
quantity and having a less amount of dielectric constant 
and remanent polarization and a layer 20b of bismuth 35 
titanate cf the stoichiometric composition but having a 
less amount of dielectric constant and remanent polari- 
zation is produced by employing the corresponding 
steps errcloyed in the process for the first embodiment 
of this irvention. 40 

The \jnction of the ruthenium dioxide layer 18b is to* 
compensate oxygen vacancy which often occurs in a 
ferroelecric material on the occasion that a ferroelectric 
layer hac been fatigued. In other words, since the ferro- 
electric ! =yer 20 is contacted by an oxide layer, specif i- 45 
cally the ruthenium dioxide layer 18b, oxygen vacancy 
can reaciiy be compensated. On the other hand, the 
function cf the ruthenium layer 18a is to prevent the con- 
ductive ccly crystalline silicon layer 16 from being oxi- 
dized and to improve the adhesion between the so 
ruthenium dioxide layer 18b and the conductive poly 
crystalline silicon layer 16. 

A sp-ttering process is employed to produce a layer 
of ruthenum 22 on the ferroelectric layer 20. 

Referring to Fig. 6(B), a dry etching process 55 
employing CCI 4 or CF 4 as the etchant is employed to 
pattern = piled layer consisting of the ruthenium layer 
22, the ferroelectric layer 20, the piled layer 18 of the 
ruthenium dioxide layer 18b and the ruthenium layer 



18a, the conductive poly crystalline silicon layer 16 and 
the silicon dioxide layer 14, into the horizontal shape of 
the gate electrode. Since ruthenium and ruthenium 
dioxide can be readily etched by employing a dry etch- 
ing process, the foregoing piled layer can be patterned 
with a single step. It is needless to emphasize that the 
process is remarkably simplified. Incidentally, since a 
dry etching process allows more minute etching accu- 
racy than an ion milling process, a larger magnitude of 
integration can be expected for the non-volatile semi- 
conductor memory cell employing the MFMIS field 
effect transistor in accordance with the second embodi- 
ment of this invention. The suffix "x" added to each layer 
indicates the patterned layer. 

THIRD EMBODIMENT 

A non-volatile semiconductor memory cell of an MFMIS 
field effect transistor having a gate of a ruthenium/bis- 
muth titanate of the stoichiometric composition/bismuth 
titanate containing bismuth more than the stoichiometric 
quantity/bismuth titanate of the stoichiometric composi- 
tion/ ruthenium dioxide/ruthenium/conductive silicon/sil- 
icon dioxide/silicon structure. 

Figs. 7(A) and (B) illustrate layer configuration of an 
MFMIS field effect transistor constituting a non-volatile 
semiconductor memory cell in accordance with a third 
embodiment of this invention, on the way of production. 

Referring to Fig. 7(A), the steps to be employed for 
producing a field insulator layer 12, a silicon dioxide 
layer 14, a conductive poly crystalline silicon layer 16, a 
ruthenium layer 18a and a ruthenium dioxide layer 18b, 
in this order, on a p-type silicon substrate 10 are identi- 
cal to the corresponding steps employed in the process 
for the second embodiment of this invention. A layer of 
bismuth titanate of the stoichiometric composition 1 9 is 
produced on the ruthenium dioxide layer 18b by employ- 
ing a process identical to the process employed for pro- 
ducing the layer of bismuth titanate of the stoichiometric 
composition 20b1 in the first embodiment of .this inven- 
tion. The function of the layer of bismuth titanate of the 
stoichiometric composition 19 is to improve the flatness 
of the surface of the ruthenium dioxide layer 18b which 
is inclined to be slightly rough. Although the layer of bis- 
muth titanate of the stoichiometric composition 19 does 
not have a less amount of dielectric constant and rema- 
nent polarization, it is effective to improve the flatness of 
the surface of the ruthenium dioxide layer 18b. A ferroe- 
lectric layer 20 and a ruthenium layer 22 are produced 
on the layer of bismuth titanate of the stoichiometric 
composition 1 9 by employing a process identical to the 
process employed for producing the ferroelectric layer 
20 and a ruthenium layer 22 in the first and second 
embodiments of this invention. 

Referring to Fig. 7(B), a dry etching process 
employing CCl 4 or CF 4 as the etchant is employed to 
pattern a piled layer consisting of the ruthenium layer 
22, the ferroelectric layer 20, the layer of bismuth titan- 
ate of the stoichiometric composition 19, the piled layer 
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1 8 of the ruthenium dioxide layer 18b and the ruthenium 
layer 18a, the conductive poly crystalline silicon layer 1 6 
and the silicon dioxide layer 14, into the horizontal 
shape of the gate electrode. The suffix "x M added to 
each layer indicates the patterned layer. 5 

FOURTH EMBODIMENT 

A non-volatile semiconductor memory cell of an 
MFMIS field effect transistor having a gate of a ruthe- 10 
nium/bismuth titanate of the stoichiometric composi- 
tion/bismuth titanate containing bismuth more than the 
stoichiometric quantity/bismuth titanate containing tita- 
nium more than the stoichiometric quantity / ruthenium 
dioxide /ruthenium /conductive silicon /silicon dioxide is 
/silicon structure. 

Figs. 8(A) and (B) illustrate layer configuration of an 
MFMIS field effect transistor constituting a non-volatile 
semiconductor memory cell in accordance with a fourth 
embodiment of this invention, on the way of production. 20 

Referring to Fig. 8(A), the steps to be employed for 
producing a field insulator layer 12, a silicon dioxide 
layer 14, a conductive poly crystalline silicon layer 16, a 
ruthenium layer 18a and a ruthenium dioxide layer 18b, 
in this order, on a p-type silicon substrate 10 are identi- 25 
cal to the corresponding steps employed in the process 
for the second embodiment of this invention. A layer of 
bismuth titanate containing titanium more than the stoi- 
chiometric quantity 23 is produced on the ruthenium 
dioxide layer 18b by employing a process which is simi- 30 
lar to the process employed for producing the layer of 
bismuth titanate containing bismuth more than the stoi- 
chiometric quantity employed in the first embodiment of 
this invention but which employs an organic solvent 
solution containing titanium more than the stoichiomet- 35 
ric quantity. 

The layer configuration of and the process for pro- 
ducing an MFMIS field effect transistor constituting a 
non-volatile semiconductor memory cell in accordance 
with the fourth embodiment of this invention are entirely 40 
identical to those for the third embodiment of this inven- 
tion, excepting that the layer of bismuth titanate of the 
stoichiometric composiiton 1 9 is replaced by a layer of 
bismuth titanate containing titanium more than the stoi- 
chiometric quantity 23 and that the organic solvent solu- 45 
tion containing a bismuth source and a titanium source 
at a mole ratio of 4 : 3 is replaced by an organic solvent 
solution containing a bismuth source and a titanium 
source at a mole ratio at which the titanium component 
is more than 3 and the bismuth component is 4. The so 
results specific to this embodiment are that the ferroe- 
lectric layer is more flat in this embodiment than in the 
third embodiment and that a leak current flowing in the 
ferroelectric layer is less in this embodiment than in the 
third embodiment. 55 

FIFTH EMBODIMENT 

A non-volatile semiconductor memory cell of an MFMIS 



field effect transistor having a gate of an iridium dioxide 
/ bismuth titanate of the stoichiometric composition/bis- 
muth titanate containing bismuth more than the stoichi- 
ometric quantity / iridium dioxide / iridium / conductive 
silicon / silicon dioxide / silicon structure. 

Figs. 9(A) and (B) illustrate layer configuration of an 
MFMIS field effect transistor constituting a non-volatile 
semiconductor memory cell in accordance with a fifth 
embodiment of this invention, on the way of production. 

Referring to Fig. 9(A), the steps to be employed for 
producing a field insulator layer 12, a silicon dioxide 
layer 1 4 and a conductive poly crystalline silicon layer 
16, in this order, on a p-type silicon substrate 10 are 
identical to the corresponding steps employed in the 
process for the first embodiment of this invention. A 
sputtering process is employed to produce a layer of 
iridium 26a having an approximate thickness of 500 A 
on the conductive poly crystalline silicon layer 16. 
Thereafter, a sputtering process is employed to produce 
a layer of iridium dioxide 26b having an approximate 
thickness of 1000 A on the iridium layer 26a. A piled 
layer 26 of the iridium dioxide layer 26b and the iridium 
layer 26a, in combination with the conductive poly crys- 
talline silicon layer 16, is allowed to act as a lower con- 
ductive layer or a so-called floating gate. A ferroelectric 
layer 20 consisting of a layer 20a of bismuth titanate 
containing bismuth more than the stoichiometric quan- 
tity and having a less amount of dielectric constant and 
remanent polarization and a layer 20b of bismuth titan- 
ate of the stoichiometric composition but having a less 
amount of dielectric constant and remanent polarization 
is produced by employing the corresponding steps 
employed in the process for the first embodiment of this 
invention. 

The function of the iridium dioxide layer 26b is to 
compensate oxygen vacancy which often occurs in a 
ferroelectric material on the occasion that a ferroelectric 
layer had been fatigued. In other words, since the ferro- 
electric layer 20 is contacted by an oxide layer, specifi- 
cally the iridium dioxide layer 26b, oxygen vacancy can 
readily be compensated. On the other hand, the func- 
tion of the iridium layer 26a is to prevent the conductive 
poly crystalline silicon layer 16 from being oxidized and 
to improve the adhesion between the iridium dioxide 
layer 26b and the conductive poly crystalline silicon 
layer 16. 

A sputtering process is employed to produce a layer 
of iridium oxide 28 on the ferroelectric layer 20. 

Referring to Fig. 9(B), a dry etching process 
employing CCI 4 or CF 4 as the etchant is employed to 
pattern a piled layer consisting of the iridium oxide layer 
28, the ferroelectric layer 20, the piled layer 26 of the 
iridium dioxide layer 26b and the iridium layer 26a, the 
conductive poly crystalline silicon layer 16 and the sili- 
con dioxide layer 14, into the horizontal shape of the 
gate electrode. Since iridium and iridium dioxide can be 
readily etched by employing a dry etching process, the 
foregoing piled layer can be patterned with a single 
step. It is needless to emphasize that the process is 
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remarkably simplified. Incidentally, since a dry etching 
process aJlows more minute etching accuracy than an 
ion milling process, a larger magnitude of integration 
can be expected for the non-volatile semiconductor 
memory cell employing the MFMIS field effect transistor 5 
in accordance with the fifth embodiment of this inven- 
tion. The suffix "x" added to each layer indicates the pat- 
terned layer. 

SIXTH-EMBODIMENT io 

A non-volatile semiconductor memory ceil of an MFMIS 
field effect transistor having a gate of an Iridium dioxide 
/bismuth titanate of the stoichiometric composition/bis- 
muth titanate containing bismuth more than the stoichi- is 
ometric quantity/bismuth titanate of the stoichiometric 
composition / iridium dioxide / iridium / conductive sili- 
con/ silicon dioxide / silicon structure. 

Figs. 10(A) and (B) illustrate layer configuration of 
an MFMIS field effect transistor constituting a non-vola- 20 
tile semiconductor memory cell in accordance with a 
sixth embodiment of this invention, on the way of pro- 
duction. 

Referring to Fig. 1 0(A), the steps to be employed for 
producing a field insulator layer 12, a silicon dioxide 25 
layer 14, a conductive poly crystalline silicon layer 16, 
an iridium layer 26a and an iridium dioxide layer 26b, in 
this order, on a p-type silicon substrate 10 are identical 
to the corresponding steps employed in the process for 
the second embodiment of this invention. A layer of bis- 30 
muth titanate of the stoichiometric composition 19 is 
produced on the iridium dioxide layer 26b by employing 
a process identical to the process employed for produc- 
ing the layer of bismuth titanate of the stoichiometric 
composition 20b1 in the first embodiment of this inven- 35 
tion. The function of the layer of bismuth titanate of the 
stoichiometric composition 19 is to improve the flatness 
of the surface of the iridium dioxide layer 26b which is 
inclined to be slightly rough. Although the layer of bis- 
muth titanate of the stoichiometric composition 1 9 does 40 
not have a less amount of dielectric constant and rema- 
nent polarization, it is effective to improve the flatness of 
the surface of the iridium dioxide layer 266. A fenoelec- 
tric layer 20 and an iridium dioxide layer 28 are pro- 
duced on the layer of bismuth titanate of the 45 
stoichiometric composition 19 by employing a process 
identical to the process employed for producing the fer- 
roelectric layer 20 and a ruthenium layer 22 in the first 
and second embodiments of this invention. 

Referring to Fig. 10(B), a dry etching process so 
employing CCI 4 or CF 4 as the etchant is employed to 
pattern a piled layer consisting of the iridium dioxide 
layer 28, the ferroelectric layer 20. the layer of bismuth 
titanate of the stoichiometric composition 19, the piled 
layer 26 of the iridium dioxide layer 26b and the iridium 55 
layer 26a, the conductive poly crystalline silicon layer 1 6 
and the silicon dioxide layer 14, into the horizontal 
shape of the gate electrode. The suffix *x" added to 
each layer indicates the patterned layer. 



SEVENTH EMBODIMENT 

A non-volatile semiconductor memory cell of an MFMIS 
field effect transistor having a gate of an iridium dioxide 
itoismuth titanate of the stoichiometric composition/bis- 
muth titanate containing bismuth more than the stoichi- 
ometric quantity/bismuth titanate containing titanium 
more than the stoichiometric quantity / iridium dioxide / 
iridium /conductive silicon /silicon dioxide /silicon struc- 
ture. 

Figs. 1 1 (A) and (B) illustrate layer configuration of 
an MFMIS field effect transistor constituting a non-vola- 
tile semiconductor memory cell in accordance with a 
seventh embodiment of this invention, on the way of 
production. 

Referring to Fig. 1 1(A), the steps to be employed for 
producing a field insulator layer 12, a silicon dioxide 
layer 14, a conductive poly crystalline silicon layer 16, 
an iridium layer 26a and an iridium dioxide layer 26b, in 
this order, on a p-type silicon substrate 10 are identical 
to the corresponding steps employed in the process for 
the second embodiment of this invention. A layer of bis- 
muth titanate containing titanium more than the stoichi- 
ometric quantity 23 is produced on the iridium dioxide 
layer 26b by employing a process which is similar to the 
process employed for producing the layer of bismuth 
titanate containing bismuth more than the stoichiometric 
quantity employed in the first embodiment of this inven- 
tion but which employs an organic solvent solution con- 
taining titanium more than the stoichiometric quantity. 

The layer configuration of and the process for pro- 
ducing an MFMIS field effect transistor constituting a 
n on -volatile semiconductor memory cell in accordance 
with the seventh embodiment of this invention are 
entirely identical to those for the third embodiment of 
this invention, excepting that the layer of bismuth titan- 
ate of the stoichiometric composiiton 19 is replaced by 
a layer of bismuth titanate containing titanium more than 
the stoichiometric quantity 23 and that the organic sol- 
vent solution containing a bismuth source and a tita- 
nium source at a mole ratio of 4 : 3 is replaced by an 
organic solvent solution containing a bismuth source 
and a titanium source at a mole ratio at which the tita- 
nium component is more than 3 and the bismuth com- 
ponent is 4. The results specific to this embodiment are 
that the ferroelectric layer is more flat in this embodi- 
ment than in the sixth embodiment and that a leak cur- 
rent flowing in the ferroelectric layer is less in this 
embodiment than in the sixth embodiment. 

The foregoing description has clarified that a non- 
volatile semiconductor memory cell employing an MFS 
or MFMIS field effect transistor which allows a less 
amount of voltage to be to be applied between the gate 
electrode and the semiconductor substrate, to write a 
piece of binary information therein and to erase the 
piece of binary information therefrom and a method for 
producing it, are successfully provided by this invention. 

Although this invention has been described with ref- 
erence to specific embodiments, this description is not 
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meant to be construed in a limiting sense. Various mod- 
ifications of the 'disclosed embodiments, as well as 
other embodiments of this invention, will be apparent to 
persons skilled in the art upon reference to the descrip- 
tion of this invention. It is therefore contemplated that 5 
the appended claims will cover any such modifications 
or embodiments as fall within the true scope of this 
invention. 

Claims 10 

1 . A non-volatile semiconductor memory cell compris- 
ing : 

a field effect transistor further comprising : is 

a gate comprising a pile of an upper con- 
ductive layer and a ferroelectric layer of 
bismuth titanate containing bismuth more 
than the stoichiometric quantity, said pile 20 
being produced on the surface of a semi- 
conductor layer of one conductivity, and 
a set of source and drain of the other con- 
ductivity produced in the surface region of 
said semiconductor layer of one conductiv- 25 
ity, at the side of said gate. 

2. A non-volatile semiconductor memory cell compris- 
ing : 

30 

a field effect transistor further comprising : 

a gate comprising a pile of an upper con- 
ductive layer and a ferroelectric layer com- 
prising an upper layer of bismuth titanate 35 
of the stoichiometric composition and a 
lower layer of bismuth titanate containing 
bismuth more than the stoichiometric 
quantity, said pile being produced on the 
surface of a semiconductor layer of one 40 
conductivity, and 

a set of source and drain of the other con- 
ductivity produced in the surface region of 
said semiconductor layer of one conductiv- 
ity, at the side of said gate. 45 

3. A non-volatile semiconductor memory cell compris- 
ing : 

a field effect transistor further comprising : so 

a gate comprising a pile of an upper con- 
ductive layer, a ferroelectric layer of bis- 
muth titanate containing bismuth more 
than the stoichiometric quantity, a lower 55 
conductive layer and an insulator layer, 
said pile being produced on the surface of 
a semiconductor layer of one conductivity, 
and a set of source and drain of the other 



conductivity produced in the surface region 
of said semiconductor layer of one conduc- 
tivity, at the side of said gate. 

4. A non-volatile semiconductor memory cell compris- 
ing : 

a field effect transistor further comprising : 

a gate comprising a pile of an upper con- 
ductive layer, a ferroelectric layer compris- 
ing an upper layer of bismuth titanate of the 
stoichiometric composition and a lower 
layer of bismuth titanate containing bis- 
muth more than the stoichiometric quan- 
tity, a lower conductive layer and an 
insulator layer, said pile being produced on 
the surface of a semiconductor layer of one 
conductivity, and 

a set of source and drain of the other con- 
ductivity produced in the surface region of 
said semiconductor layer of one conductiv- 
ity, at the side of said gate. 

5. A non-volatile semiconductor memory cell in 
accordance with claim 3 or 4, wherein said lower 
conductive layer comprising a platinum layer. 

6. A non-volatile semiconductor memory cell in 
accordance with claim 3 or 4, wherein said lower 
conductive layer comprising a piled layer of a ruthe- 
nium dioxide layer and a ruthenium layer. 

7. A non-volatile semiconductor memory cell in 
accordance with claim 6, wherein a layer of bismuth 
titanate of the stoichiometric composition is 
arranged between said ferroelectric layer and said 
lower conductive layer. 

8. A non-volatile semiconductor memory cell in 
accordance with claim 6, wherein a layer of bismuth 
titanate containing titanium more than the stoichio- 
metric quantity is arranged between said ferroelec- 
tric layer and said lower conductive layer. 

9. A non-volatile semiconductor memory cell in 
accordance with claim 3 or 4, wherein said lower 
conductive layer comprising a piled layer of an irid- 
ium dioxide layer and an iridium layer. 

10. A non-volatile semiconductor memory cell in 
accordance with claim 9, wherein a layer of bismuth 
titanate of the stoichiometric composition is 
arranged between said ferroelectric layer and said 
lower conductive layer. 

11. A non-volatile semiconductor memory cell in 
accordance with claim 9, wherein a layer of bismuth 
titanate containing titanium more than the stoichio- 
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metric quantity is arranged between said ferroelec- 
tric layer and said lower conductive layer. 

12. A method for producing a non-volatile semiconduc- 
tor memory cell comprising : s 

a step for producing a pile of layers comprising 
an upper conductive layer and a ferroelectric 
layer of bismuth titanate containing bismuth 
more than the stoichiometric quantity, on the 10 
surface of a semiconductor layer of one con- 
ductivity, a step for patterning said pile of layers 
to produce a gate, and a step for introducing an 
impurity of the other conductivity in said semi- 
conductor layer of one conductivity to produce 15 
a set of source and drain, at the side of said 
gate, to finally produce a field effect transistor, 
wherein : 

the step for producing said ferroelectric 20 
layer comprising a step for spin coating an 
organic solvent solution containing a bis- 
muth source and a titanium source at a 
mole ratio at which the bismuth component 
is more than 4 and the titanium component 25 
is 3 and a step for applying a thermal treat- 
ment process for drying and crystallizing 
the spin coated film. 

13. A method for producing a non-volatile semiconduc- 30 
tor memory cell comprising : 

a step for producing a pile of layers comprising 
an upper conductive layer and a ferroelectric 
layer comprising an upper layer of bismuth 35 
titanate of the stoichiometric composition and a 
lower layer of bismuth titanate containing bis- 
muth more than the stoichiometric quantity, on 
the surface of a semiconductor layer of one 
conductivity, a step for patterning said pile of 40 
layers to produce a gate and a step for intro- 
ducing an impurity of the other conductivity in 
said semiconductor layer of one conductivity to 
produce a set of source and drain, at the side of 
said gate, to finally produce a field effect tran- 45 
sistor, wherein : 

the step for producing said ferroelectric 
layer comprising a first step comprising a 
step for spin coating an organic solvent 50 
solution containing a bismuth source and a 
titanium source at a mole ratio at which the 
bismuth component is more than 4 and the 
titanium component is 3 and a step for 
applying a thermal treatment process for 55 
drying and crystallizing the spin coated film 
to produce said lower layer and a second 
step comprising a step for spin coating an 
organic solvent solution containing a bis- 



muth source and a titanium source at a 
mole ratio of 4 : 3 and a step for applying a 
thermal treatment process for drying and 
crystallizing the spin coated film to pro- 
duce said upper layer. 

14. A method for producing a non-volatile semiconduc- 
tor memory cell comprising : 

a step for producing a pile of layers comprising 
an upper conductive layer, a ferroelectric layer 
of bismuth titanate containing bismuth more 
than the stoichiometric quantity, a lower con- 
ductive layer and an insulator layer, on the sur- 
face of a semiconductor layer of one 
conductivity, a step for patterning said pile of 
layers to produce a gate and a step for intro- 
ducing an impurity of the other conductivity in 
said semiconductor layer of one conductivity to 
produce a set of source and drain, at the side of 
said gate, to finally produce a field effect tran- 
sistor, wherein : ' 

the step for producing said ferroelectric 
layer comprising a step for spin coating an 
organic solvent solution containing a bis- 
muth source and a titanium source at a 
mole ratio at which the bismuth component 
is more than 4 and the titanium component 
is 3 and a step for applying a thermal treat- 
ment process for drying and crystallizing 
the spin coated film. 

15. A method for producing a non-volatile semiconduc- 
tor memory cell comprising : 

a step for producing a pile of layers comprising 
an upper conductive layer, a ferroelectric layer 
comprising an upper layer of bismuth titanate 
of the stoichiometric composition and a lower 
layer of bismuth titanate containing bismuth 
more than the stoichiometric quantity, a lower 
conductive layer and an insulator layer, on the 
surface of a semiconductor layer of one con- 
ductivity, a step for patterning said pile of layers 
to produce a gate and a step for introducing an 
impurity of the other conductivity in said semi- 
conductor layer of one conductivity to produce 
a set of source and drain, at the side of said 
gate, to finally produce a field effect transistor, 
wherein : 

the step for producing said ferroelectric 
layer comprising a first step comprising a 
step for spin coating an organic solvent 
solution containing a bismuth source and a 
titanium source at a mole ratio at which the 
bismuth component is more than 4 and the 
titanium component is 3 and a step for 



13 



25 EP 0 810 666 A1 

applying a thermal treatment process for 
drying and crystallizing the spin coated film 
to produce said lower layer and a second 
step comprising a step for spin coating an 
organic solvent solution containing a bis- 5 
muth source and a titanium source at a 
mole ratio of 4 : 3 and a step for applying a 
thermal treatment process for drying and 
crystallizing the spin coated film to pro- 
duce said upper layer. . 10 
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FIG. 1 0 (A) 
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FIG. 10 (B) 
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FIG. 11 (A) 
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